Attachment and neuritic transport of herpes simplex virus (HSV) type 1 (McIntyre) were studied in a cell culture system with dissociated cells of rat dorsal root ganglia. The two-chamber cell culture system containing a diffusion barrier penetrated by neurites of cultured sensory neurons permitted infection of neurites extending outside the diffusion barrier without exposure of the neuronal cell soma. HSV adsorbed to neuritic extensions and reached the neuronal soma within 1.5 h post-inoculation. Neuritic uptake and transport of HSV were inhibited in the presence of cytochalasin B. Internalization of virus in neurites was preceded by attachment of virus to the neurite plasma membrane. Neurites transported viral nucleocapsids (NC) through the diffusion barrier of the cultures. Destruction of the neuritic extensions before or shortly after peripheral virus inoculation blocked spread of infection to the cell soma. No infection was established when neuritic extensions were exposed to viral NC and NC were then not observed inside the neurite plasma membrane. Virus produced in neurons, when HSV was inoculated into the inner culture chamber containing the neuronal cell bodies, was transported as enveloped virus in cytoplasmic vesicles from the neuronal cell body towards the periphery. Schwann cells were infected by viropexis. Shortly after infection virions were observed in vacuoles of the cytoplasm.
INTRODUCTION
The concept of an axonal spread of herpes simplex virus (HSV) infection emerged from the classical observations of Goodpasture & Teague (1923) and Goodpasture (1925) . It is supported by several concordant results, some of these originating from studies on infected experimental animals (Kristensson et al., 1971 ; Cook & Stevens, 1973) , and others from HSV inoculated in vitro into cultured rat sensory neurons of dissociated dorsal root ganglia (Ziegler & Herman, 1980) and autonomic neurons of rat superior cervical ganglia (Price et al., 1982) . Occasionally, virions have been observed intra-axonally in HSV-infected animals (Hill et al., 1972; Schwartz & Elizan, 1973; Kristensson et al., 1974) but it is questionable whether the virus particles detected have represented virus travelling from the periphery towards the central nervous system (CNS) or represented virus synthesized in infected neurons and transported in the opposite direction.
The mechanisms for attachment and internalization of virions by nerve cells and the structure of virus travelling within the axon have not been elucidated. Neurons grown in tissue culture would offer a possible system in which to examine these questions. In the present study, we have used a recently developed system for culturing neurons in which the extending neurites are t Present address: Department of Medical Microbiology and Immunology, School of Medicine, University of Minnesota, Duluth, U.S.A.
0022-1317/84/0000-5826 $02.00 © 1984 SGM separated by a diffusion barrier from the compartment containing the nerve cell bodies (Ziegler & Herman, 1980) . With this system we have examined uptake and neuritic transport of HSV by rat dorsal root ganglia sensory neurons.
METHODS
Virus. The Mclntyre strain of HSV type 1 was used. Infective virus was assayed by plaquing on green monkey kidney (GMK AH-I) cells using standard procedures including 1 ~ methyl cellulose in the overlay medium. Viral DNA was labelled by infecting confluent monolayer cultures of GMK AH-l cells with l0 p.f.u./cell and adding 2 mCi [3 H]tfiymidine (TRK 120, Amersham International) . After 48 h the cells were harvested into their own medium, hypotonically [1 mM-phosphate-buffered saline (PBS) pH 7-2] blended in a Dounce homogenizer and clarified by low-speed centrifugation. Subsequently, the supernatant was centrifuged at 15 000 g for 5 min and chromatographed on a Sepharose C-L 2B column as described previously . Fractions corresponding to the void volume containing all infectivity (9.2 x 106 p.f.u./ml) and the peak of radioactivity was collected. The radioactivity of the virion preparation was 2.2 x 106 ct/min/ml.
Preparations of labelled HSV nucleocapsids (NC) were obtained by treating virion fractions with detergent. A virion suspension of 32 ml was mixed with 1.1 ml 10~ sodium deoxycholate (Merck) and subjected to 40 strokes in the Dounce homogenizer. Most of the detergent was removed by pelleting the NC by centrifugation at 100000 g for 30 min. The sediment was resuspended in 3.3 ml Hanks' balanced salt solution by ultrasonication at an amplitude of 12 ktm twice for 3 min in a MSE ultrasonic disintegrator. By this procedure, infectivity was reduced from 7.5 × 106 p.f.u./ml to < 10 p.f.u./ml. Electron microscopy demonstrated NC in the absence of enveloped virus. The radioactivity of the resulting NC fraction was 3.6 × 106 ct/min/ml.
Nerve cell cultures. The two-chamber system employed has been described previously (Ziegler & Herman, 1980) . Briefly, 35-mm collagen-coated plates were scratched on the bottom, fitted in the centre with an 8-mm cloning cylinder kept in place by silicon high vacuum grease and seeded in the cloning cylinder with trypsin-dissociated rat DRG cells. DRG cells were obtained by dissecting 10 to 12 embryos of a 17 day pregnant Sprague-Dawley rat. Trypsinization was performed for 30 min at 37 °C using 0.25 ~ trypsin (porcine pancreas, type 2, Sigma) in a Ca 2 + -and Mg ~ +-free Hanks' buffer, pH 7.2. For the first 2 days, the cells were cultured in Eagle's minimal essential medium (MEM) with a mixture of horse and foetal calf serum (10~ of each). On days 3 and 4 this medium was replaced with Eagle's MEM supplemented with 10~ horse serum and 2-8 ~tg/ml cytosine arabinoside (Sigma) to reduce mitotic activity. From then on the cells inside the cloning cylinder were supplied with 10~ horse medium whereas the culture area outside the cloning cylinder received 10~ horse medium supplemented with 1.4 ~tg each of uridine and fluorodeoxyuridine (Sigma). The latter medium was used to reduce growth of Schwann cells and eliminate fibroblasts outside the cloning cylinder. Before experimental use the outer chamber was washed and the medium was replaced with 10% horse medium 24 h before the initiation of the experiment.
Four kinds of tests were consistent with an efficiently working diffusion barrier between the inner (cloning cylinder) and the outer chambers of the culture. (i) The inner chamber was filled with medium and a high fluid level relative to that of the outer chamber was maintained. (ii) 32P-labelled phosphonoformate added to the outer chamber of cell-free plates was not transferred to the inner chamber. (iii) Inulin added to the outer chamber of cell cultures was not transported to the inner chamber through the diffusion barrier. (iv) Addition of concentrated H 2 SO4 to the outer culture compartment for 10 s to destroy the neuritic extensions (see below) was not associated with death of cells inside the diffusion barrier.
Neurons growing in the inner chamber (the cloning cylinder) extended neuritic processes. These grew in parallel to the scratches in the collagen coat, penetrated the vacuum grease and appeared in the outer chamber. However, Schwann cells frequently grew in the outer chamber in close association with neuritic extensions. Apparently, these cel~s were capable of penetrating the vacuum grease together with the neuritic extensions. The cell culture system is outlined in Fig. 1 .
Destruction of neuritic extensions. To abolish neurite-mediated transport from outer to inner cell culture compartments the neuritic extensions of the outer culture compartment were destroyed either mechanically with a scalpel or chemically with concentrated H2SO4. The latter procedure involved adding 0-5 ml of the acid to the outer compartment for 10 s followed by thoroughly rinsing with 10~ horse medium until the phenol'red indicator demonstrated that the acid was removed. No cells or extensions were detected microscopically outside the diffusion barrier after the treatment while cells of the inner culture compartment remained apparently unaffected.
Electron microscopy (EM). DRG cultures were fixed in Karnovsky's fixative for ultrastructural study. After gently removing the cloning cylinder the cultures were fixed in osmic acid, dehydrated through a series of alcohols and embedded in Epon 812. The plastic dishes were removed and proper areas for examination were sampled and re-embedded. Sections for electron microscopy were stained with uranyl acetate and lead citrate according to standard procedures.
IP: 54.70.40.11 Schematic description of the cell culture system using dissociated rat dorsal root ganglia sensory neurons. Cells seeded in the inner chamber (the cloning cylinder) extend neurites penetrating a diffusion barrier and reaching into the outer culture chamber.
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Peroxidase-anti-peroxidase (PAPprocedure). HSV antigen was demonstrated with the PAP method according to Sternberger (1979) . The cultures were fixed by addition of 4% paraformaldehyde in phosphate buffer, pH 7.2. Endogenous peroxidase activity was blocked by the addition of a 0.5% solution of hydrogen peroxidase in methanol. The cultures were then incubated with 3 % normal swine antiserum (Dako, Copenhagen, Denmark) followed by (i) rabbit antiserum to HSV type 1 (hyperimmune serum with a neutralization titre of 1024) diluted 1:250, (ii) swine anti-rabbit immunoglobulin (Dako) diluted 1:20, and (iii) the soluble complex of horseradish peroxidase and rabbit anti-horseradish peroxidase (Dako) diluted 1 : 50. Presence of peroxidase was visualized by the reaction with 3,3'-diaminobenzidine tetrahydrochloride (Sigma) and hydrogen peroxidase.
RESULTS
Establishment of HSV type 1 infection of DRG neurons
The dissociated rat DRG cells were seeded into the cloning cylinder of the cultures and 8 to 10 days later groups of neurons, satellite cells and Schwann cells were visible (Fig. 2) together with a network of neuritic extensions, some of which penetrated the diffusion barrier and appeared in the outer compartment of the culture. Peripheral infection, i.e. exposure of neuritic extensions to HSV by inoculating l0 s p.f.u, of virus in 1 ml outside the diffusion barrier, resulted in HSV antigen-positive neurons first appearing in the inner culture chamber at 24 h post-infection. Single nerve cell bodies or small clusters of neurons were selectively stained and often these HSV antigen-positive cells were detected only in the centre of the cultures (Fig. 3) . Cytopathic changes were observed inside the cloning cylinder at 48 h post-inoculation and samples of homogenized cells and fluids of the inner, and fluids of the outer chambers then demonstrated virus concentrations corresponding to 1.6 x 107 _+ 1.1 x 106 p.f.u./ml and 1.8 x 105 ___ 1.9 x 104 p.f.u./ml, respectively, the content of infectious virus in the fluid phase of the inner culture compartments being approx. 25 % of that of the cell-associated virus.
Internalization of HS V by neuronal processes
HSV (10 v p.f.u.) added to the outer chamber of the culture system was allowed to adsorb for periods of 30 min to 6 h. In one series of experiments cultures were kept at 4 °C and were heated to 36 °C only for 1 to l0 rain at the end of the adsorption period. In other experiments adsorption was performed entirely at 36 °C. The adsorption of virus was terminated by washing cultures with PBS followed by fixation for EM as described in Methods. Neurites were identified by the presence of their neurofilaments and neurotubular structures. With adsorption at 4 °C or for less than 1 h at 36 °C virions appeared attached to both neurite and Schwann cell plasma m e m b r a n e s (Fig. 4) . W i t h adsorption times o f 2 to 6 h at 36 °C free viral N C were demonstrable in the cytosol of neurites collected from the outer c o m p a r t m e n t s of IP: 54.70.40.11 the cultures (Fig. 5) . Enveloped virus was then never observed inside neuronal processes and when N C were observed they were never found enclosed in vesicles of the axoplasma. Observations on cultures infected for 24 h demonstrated NC in the nuclei of the infected neurons. In the cytoplasm virus was enveloped and was found inside vesicles (Fig. 6) . Also in the cytosol of the neuronal processes, virus was found enveloped and enclosed in vesicles (Fig. 7) . The virus produced by infected neurons thus seemed to be transported as virions and confined to neuritic vesicles. Schwann cells, on the other hand, demonstrated virions internalized into cytoplasmic vesicles shortly after virus inoculation (Fig. 8) . At 4 to 6 h post-infection free N C were sometimes detected in the cytoplasmic portion of infected Schwann cells.
Transport of H S V in neurites
In a number of experiments, the internalization of radiolabelled HSV virions and NC was compared. Virion or nucleocapsid preparations were added to the outer chambers of the cultures and incubated at 36 °C on a rocking table for 2 h. Considering the relatively small number of neuritic extensions that penetrated the diffusion barrier, large amounts of the [3H]thymidinelabelled fractions had to be used. The number of neurites in the outer chamber of the cultures was in the order of 100 to 300 per culture. Adding 2.2 × 106 ct/min of virions to each culture, 615 ct/min was detected in the cell-bound fraction inside the cloning cylinder at 4 h after virus inoculation (Fig. 9) . By incubation of virion preparation with anti-HSV serum for 20 min at 37 °C before inoculation, the cell-bound radioactivity of the inner culture chamber was reduced to 112 ct/min, i.e. almost sixfold. The corresponding control preimmune serum caused no reduction in cell-associated label. No 3H label was demonstrable in fluid phases of the inner chambers.
With NC preparations, addition of 3.6 x 106 ct/min led to only 240 ct/min detectable in the cell-bound fraction inside the cloning cylinder. Moreover, the amount of cell-bound radioactivity was not significantly altered by pretreatment of the N C preparation with the anti-HSV hyperimmune serum. The results suggest that NC are not internalized by neuritic extensions to the same extent as virions. 
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Neurite-mediated transport of HSV
Destruction of neurites mechanically or chemically before or shortly after inoculation of HSV into the outer culture chamber blocked transfer of infection through the diffusion barrier. Thus, the time necessary for attachment, neuritic uptake and transport of virus could be estimated. Virus (105 p.f.u.) was added to the outer compartment of the cultures which were incubated at 36 °C on a rocking table. After various incubation times (0.5 to 4 h), neurites outside the barrier were destroyed. Subsequently, the cultures were re-incubated at 36 °C for 48 h when the yield of infectious virus of the inner culture chamber was assayed. It is evident from Fig. 10 that the first infective virus reached the cells of the inner chamber between 1.0 and 1.5 h after inoculation of the culture and the rate of somatopetal neuritic transport of the virus was estimated to be at its highest, 3 to 5 mm/h. Cytochalasin B reduced the uptake and transport of HSV in neurites. The effect was. dependent upon concentration used and time post-inoculation of virus. Virus yields of inner culture compartments were correlated linearly to cytochalasin B concentrations within a range of 0.2 ~tg to 0-2 mg per ml of culture fluid outside the diffusion barrier of the cultures. There was more than 100-fold reduction of titres if 0.2 gg of cytochalasin B was added simultaneously with the virus or at 1 h after virus inoculation but no inhibition if cytochalasin B was added to neuritic extensions 2 h after they had been exposed to the virus, suggesting that internalization and neuritic transport were then completed.
DISCUSSION
The central role of infection of the neuron in the pathogenesis of HSV infections reflects the need for detailed knowledge about virus-cell interactions in the establishment and development E. LYCKE AND OTHERS of neuronal infections. Studies on the spread of virus in experimental animals have emphasized the importance of the retrograde axonal flow of sensory nerves in transfer of the infection to ganglia and the CNS (for reviews, see Klein, 1982; Johnson, 1982) . The HSV infection is transferred from neuron to neuron by neuritic extensions of dissociated neuronal cells cultured in vitro and this transfer is inaccessible to antibodies (Price et al., t982) . Within the CNS, transsynaptic transfer of the HSV infection has been reported to occur (Bak et al., 1977; Kristensson et al., 1982) . It is not known how the infection is transmitted over the synaptic cleft but the relative high density of virus-binding receptors in preparations of brain synaptosomes (Vahlne et al., 1978 makes release from the presynaptic nerve terminal and a postsynaptic adsorption possible. Such a course of events has been suggested for other virus infections of the CNS (Murphy, 1977; von Pottelsberghe et al., 1979) . The present paper reports the first observations on how the neuron is infected by HSV via attachment and uptake of virus into neuronal processes. The two-chamber cultures used provided means for infecting the neuritic extensions without exposing the neuronal soma to the virus.
The main method of cellular penetration of HSV is fusion (de Luca et al., 1981) preceded by attachment to HSV type-specific receptors (Vahlne et al., 1979) . Type-selective receptors for HSV have been detected also in synaptosomes prepared on brain tissues of different species (Vahlne et al., 1978 and probably a receptor-mediated attachment is essential for the neuritic uptake of HSV. Although the mechanisms by which various macromolecules are taken up by neuritic extensions of nerve cells in culture are as yet incompletely characterized, there exists both highly specific uptake as with, for example, nerve growth factor (Hawrot, 1982) and certain lectins (for reviews, see Kristensson, 1978 Kristensson, , 1982 in addition to a seemingly non-specific uptake as with, for example, horseradish peroxidase (Persson & Kristensson, 1979) . A specific uptake would, by definition, require binding of ligand to a selective receptor in order to initiate the process of internalization.
Recently, we reported that three antiviral drugs were apparently non-specifically taken up and transported in neurites of cultured rat DRG cells (Svennerholm et al., 1983) . On the other hand, other macromolecules, e.g. inulin and immunoglobulin G, do not seem to be internalized by neurites in culture. The discrimination might depend on factors like molecular size and charge.
Cytochalasin B is considered to inhibit microfilament formation and endocytosis (MacLeanFletcher & Pollard, 1980) . It may also inhibit axonal transport, since actin filaments are probably involved (Isenberg et al., 1982) . In the presence of cytochalasin B, a marked reduction in uptake and transport of HSV was encountered but no complete inhibition of infection. Previously, we have demonstrated that with the concentration of cytochalasin B used, there is no influence on HSV adsorption to rat brain synaptosomes . Therefore, an active participation of neurite membrane in virus internalization seems probable in addition to a direct fusion of viral envelope with the plasma membrane. The difficulty of visualizing fusion of viral envelope and cellular membranes is explained by the rapidity with which membrane fusion occurs (White et al., 1980) . A preceding fusion process seems to be an early HSV-nerve cell interaction leaving the NC to be neuritically transported towards the periphery.
It has been difficult from previous studies to evaluate whether axonally located virus originated from somatopetally transported virus adsorbed and internalized in the nerve terminal area, or whether it represents newly formed virus transported out from the soma towards the periphery. HSV in nerve axons of infected animals or in neuritic extensions of cultured neurons has been observed as nucleocapsids (Hill et al., 1972) or as enveloped virus (Schwartz & Elizan, 1975) . Observation shortly after infection and before de novo virus production has occurred have so far not been performed. Our results suggest that the NC were not internalized by neurites in culture. Therefore, we believe that previous observations of NC in axons of infected animals might have represented somatopetally transported virus. Only occasionally may fusion of the envelope of progeny virus with nuclear membrane lead to NC in the cytoplasm (Smith, 1980) . We estimate that the rate of neuritic transport did not exceed 5 mm/h which is somewhat less than the 200 to 300 mm/day reported for the retrograde rapid transport of sensory nerves of experimental animals (Johnson, 1982) . NC were found in the cytosol of neuronal processes and not confined to neurite vesicles in contrast to the newly formed virus transported towards the periphery.
On the other hand, we observed virions in neuritic vesicles in cultures infected for 24 h. It is reasonable to assume that these represented newly formed virus which were to be released from neurites by fusion processes between the wall of the vesicle and the neurite plasma membrane. However, as yet, release of HSV from the neurites of infected neurons has not been observed microscopically.
